Background/Aims: The E74-like factor 3 (ELF3) is an inflammatory mediator that participates in cartilage destruction in osteoarthritis. Leptin and other adipokines negatively impact articular cartilage, triggering catabolic and inflammatory responses in chondrocytes. Here, we investigated whether leptin induces ELF3 expression in chondrocytes and the signaling pathway involved in this process. Methods: We determined mRNA and protein levels of ELF3 by RT-qPCR and Western blotting using cultured human primary chondrocytes and the human T/C-28a2 chondrocyte cell line. Further, we measured luciferase activities of different reporter constructs, and we assessed the contribution of leptin to the induction of ELF3 mRNA by knocking down hLEPR gene expression using siRNA technology. Results: Leptin synergizes with IL-1b in inducing ELF3 expression in chondrocytes. We also found that PI3K, p38, and JAK2 signaling pathways are at play in the leptin-driven induction of ELF3. Moreover, we confirm the participation of NFκB in the leptin/IL-1b synergistic induction of ELF3. Conclusion: Here we show, for the first time, the regulation of ELF3 expression by leptin, suggesting that this transcription factor likely mediates the inflammatory responses triggered by leptin in articular chondrocytes.
E74-Like Factor (ELF3) and Leptin, a Novel Loop Between Obesity and Inflammation Perpetuating a Pro-Catabolic State in Cartilage
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Introduction
Articular cartilage is a highly specialized connective tissue that lines bone surfaces, and provides low-friction and hydrodynamic load-bearing surfaces in articulating joints. In adult articular cartilage, chondrocytes are responsible for the turnover and maintenance of the collagens, proteoglycans and other molecules of the extracellular matrix (ECM). Chondrocytes exhibit aberrant behaviour during cartilage degenerative diseases, with increased ECM degradation and inadequate repair processes [1] . Several factors are involved in the pathogenesis of cartilage degenerative diseases, and stress-and inflammation-induced signaling pathways are known to contribute to the destruction of articular cartilage in both osteoarthritis (OA) and rheumatoid arthritis (RA) [2, 3] . As a model to understand these mechanisms, chondrocytes cultured in vitro with interleukin (IL)-1 and tumor necrosis factor (TNF) ⍺ show decreased expression of a number of genes associated with the differentiated chondrocyte phenotype, including type II collagen [4] . These signaling pathways also upregulate the expression of a number of genes encoding cartilage-degradative factors, including MMP13, COX2 or NOS2, via the induction and activation of downstream transcription factors such as NF-kB, C/EBPb, AP-1 family members, and ETS factors [5] [6] [7] .
The ETS transcription factors constitute a family of at least 30 members involved in the regulation of differentiation, cell proliferation, and ECM remodelling in both physiological and pathological conditions [6, 8] . The ETS family member, E74-like factor 3 (ELF3), also known as ESX, ESE1, ERT, or JEN, is expressed normally in epithelial tissues in physiological conditions [8] , but it is induced by inflammatory stimuli in a number of tissues and cell types, including RA and OA cartilage and synovium [6] . In turn, ELF3 controls and mediates inflammatory actions via transcriptional control of genes such as NOS2, COX2 and LCN2 [9] [10] [11] . ELF3 displays roles in cartilage catabolism and suppression of anabolic gene expression in chondrocytes, acting as a repressor of type II collagen gene (COL2A1) promoter activity, both directly binding to the promoter [12] and disrupting the Sox9-CBP/p300 interaction [13] , but also as a transactivator of the metalloproteinase (MMP) 13 promoter via a proximal evolutionarily conserved ETS binding site (EBS) [14] .
Obesity is one of the major risk factors for joint degenerative diseases, affecting joint tissues both biochemically and mechanically, and involving locally produced as well as systemically secreted factors [15] . Obesity is characterized by the accumulation of dysfunctional adipose tissue secreting a plethora of regulatory factors, generally called adipokines. The relationship between adipokines and cartilage degeneration is now widely recognized [5, 15, 16] and leptin, the forerunner of the adipokine superfamily, can trigger proinflammatory and catabolic cascades in articular chondrocytes by inducing the expression of IL-8, NOS2, MMP3, MMP13 and VCAM-1 [5, [17] [18] [19] . Moreover, leptin is also able to increase the expression of ADAMTS-4, -5 and -9 in human chondrocytes and this effect involves the activation of MAPK and NF-κB signaling pathways [20] . All together, these data suggest the participation of leptin in chondrocyte-mediated ECM degradation.
To gain further insight into the signaling pathways and factors utilized by leptin in articular chondrocytes, we aimed to determine whether leptin induces ELF3 in chondrocytes. To this end, we defined the signaling events involved in the leptin activation of the ELF3 promoter and expression, with special focus on the contribution of the NF-κB signaling cascade, which is required for ELF3 expression, as reported previously [6, 9] .
Materials and Methods

Reagents
All culture reagents were purchased from Sigma (Missouri, USA) except Dulbecco´s modified Eagle´s medium/Ham´s F12 (DMEM/Ham's F12) medium and the trypsin-ethylenediaminetetraacetic acid (Lonza, Switzerland). For RT-qPCR analysis, First Strand reverse transcription kit, SYBR-green qPCR master mix, and primers were purchased from SABiosciences (MD, USA). Nucleospin kits for RNA and protein isolation were from Machery-Nagel (Germany). Human recombinant leptin, human recombinant IL-1b, dexamethasone, tyrphostin AG490 (JAK2 inhibitor), SB203580 (p38 inhibitor) and LY294002 (PI3K-AKT inhibitor) were from Sigma. For transfection assays, Lipofectamine Reagent, PLUS Reagent and Opti-MEM I Reduced Serum Media were purchased from Invitrogen (CA, USA), and the Luciferase Assay (Cat. #E1500) and Renilla Luciferase Assay (Cat. #E2810) systems were from Promega (Wisconsin, USA). For silencing experiments, the Accell SMART pool E-008015-00-0005 human leptin receptor (LEPR; NM_001003680, 5 nmol) siRNA oligonucleotides, and the Accell siRNA Delivery Media were purchased from Thermo Scientific (Illinois, USA).
Cell culture conditions and treatments
The human juvenile costal chondrocyte cell line T/C-28a2 was cultured as previously described [21] . For experiments, cells were seeded in 6-well plates in DMEM/Ham's F12 supplemented with 10% fetal bovine serum (FBS), L-glutamine, and antibiotics (50 units/ml penicillin and 50 μg/ml streptomycin).
Human primary chondrocytes were isolated and cultured, as described [14, 22, 23] , from articular cartilage samples obtained from knee joints of patients undergoing total joint replacement (with patient consent and permission from the local ethics committee). For experimental purposes, passage 1 primary chondrocytes were seeded at a density of 2.5x10 4 cells/cm 2 in DMEM/F-12 supplemented with 10% FBS. All experiments involving stimulation with inflammatory cytokines and/or adipokines were performed in serum-free conditions.
Cells were treated with human IL-1b, human leptin, and dexamethasone for the indicated times and concentrations. Specific pharmacological inhibitors were added 1 hour before stimulation at the indicated concentrations. All treatments were performed in at least three independent experiments.
RNA isolation and real-time reverse transcription-polymerase chain reaction (RT-qPCR)
mRNA levels were determined using SYBR-green based quantitative PCR (qPCR). Briefly, RNA was extracted using a NucleoSpin kit according to the manufacturer's instructions, and reverse-transcribed (RT) using a SABiosciences First Strand Kit. After the RT reaction, qPCR analysis was performed with a SABiosciences Master Mix and specific PCR primers for human ELF3 (82 bp, PPH09786B, reference position 2868, GenBank accession no. NM_004433.4); human GAPDH (175 bp, PPH00150E, reference position 1287-1310, GenBank accession no. NM_002046.3). Amplification efficiencies were calculated for all primers utilizing serial dilutions of the pooled cDNA samples. The data were calculated, using the comparative (ΔΔCt) method and the MxPro software (Stratagene, CA, USA), as the ratio of each gene to the expression of the housekeeping gene. Data are shown as mean ± s.e.m (error bars) of at least three independent experiments and represented as fold-change vs. control. Melting curves were generated to ensure a single gene-specific peak, and no-template controls were included for each run and each set of primers to control for unspecific amplifications.
Plasmid constructs and DNA transfection assays
The WT and NF-κB-mutant ELF3 Luciferase promoter sequences were described previously [6, 9] . Transfection experiments were carried out in the T/C-28a2 cells, basically as described previously [14] . Briefly, cells were seeded at 2x10 5 cells per well in 6-well plates and transfected with a total of 400 ng of DNA of WT or NF-κB-mutant construct and 200 ng of Renilla luciferase reporter vector as a transfection efficiency control (Promega, Wisconsin, USA), using Lipofectamine PLUS reagents and Opti-MEM I medium containing reduced serum. At 4 hours after transfection, the medium was changed to serum-free DMEM/ Ham´s F12. The cells were then treated with IL-1b (10 ng/mL) or human recombinant leptin (800 nM) for additional 20 hours. Luciferase activities were measured using the Luciferase Assay System and Renilla Luciferase Assay System, respectively, in a FLUO star BMG LABTECH luminometer (Offenburg, Germany). We also transiently transfected chondrocytes with p50 or p65 expression vectors (Addgene, MA, USA) or an empty construct (pCMV4). Transfections were performed independently at least three times. Incubation was continued for 72 hours after siRNA tranfection, and the LEPR knockdown (KD) was verified at the mRNA and protein levels (data not shown). At 72 h after transfection, the cells were treated with IL-1b (10 ng/mL) and human recombinant leptin (800 nM) for additional 24 hours. At 24 h after treatment, total RNA was isolated and ELF3 mRNA was analyzed by RT-qPCR.
Western blotting analysis
Whole cell lysates were extracted using a lysis buffer for protein extraction (10 mM Tris/HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orhtovanadate, 0.5% Triton X-100, protease inhibitor cocktail), and analyzed following immunoblotting procedures described previously [11, 16] . Immunoblots were incubated with specific antibodies against human ELF3 (ABCAM, UK), p65 (Santa Cruz Biotechnologies, CA, USA) and IkB-a (Cell Signaling Technology, MA, USA) and visualized using an Immobilon Western kit (Millipore, MA, USA) and horseradish-peroxidaselabelled secondary antibody. To confirm equal loading for each sample, membranes were stripped in glycine buffer at pH 3 and reblotted with anti-actin antibody (Sigma, MO, USA) or anti-laminB1 (GeneTex, CA, USA). Autoradiographs were analyzed with an EC3 imaging system (UVP, CA, USA).
Statistical analysis
Data are reported as mean ± S.E.M. (error bars) of at least three independent experiments. Statistical analyses were performed by ANOVA followed by unpaired t-test and Student-Newman-Keuls test, using the GraphPad Prism 4 software, with p values <0.05 considered significant.
Results
Leptin induces ELF3 expression in synergism with IL-1β
We first investigated whether leptin, alone or in combination with IL-1b, was able to induce ELF3 expression in human primary chondrocytes and in the immortalized chondrocytes T/C28a2. As shown in Fig.  1A , 24 h of stimulation with IL-1b significantly increased ELF3 mRNA and protein levels in human primary chondrocytes, whereas leptin alone had no significant effect. However, when the cells were treated with leptin in combination with IL-1b, a synergistic effect was observed. We also confirmed this synergistic induction of ELF3 in the T/ C28a2 cell line (Fig. 1B) .
We also determined that leptin-driven induction of ELF3 mRNA is dependent on leptin receptor long form (LEPR) expression in chondrocytes. Indeed, LEPR gene knockdown completely blunted the effect of leptin (Fig. 1C) . 
Anti-inflammatory treatment decreases the induction of ELF3
To confirm the role of ELF3 as a pro-inflammatory mediator, we determined whether the antiinflammatory drug, dexamethasone, was able to interfere with the expression of ELF3 in human chondrocytes. We found that incubation of chondrocytes with dexamethasone not only inhibited the IL-1b-driven induction of ELF3 mRNA, but also significantly decreased the expression of ELF3 when T/C28a2 chondrocytes were stimulated with IL-1b in combination with leptin ( Fig. 2A-B) 
Signaling cascades involved in the IL-1β-and leptin-driven ELF3 gene expression and promoter transactivation
We next investigated the signaling cascade(s) involved in IL-1b-and leptin-driven ELF3 gene expression. As shown in Fig. 3A , IL-1b treatment and the combination of leptin plus IL-1b increased the phosphorylation of AKT, p38, and JAK2. However, leptin, by itself, only induced the phosphorylation of JAK2 (Fig. 3A) .
In order to corroborate the involvement of these kinases in the induction of ELF3, we evaluated the effects of specific pharmacological inhibitors of AKT, p38, and JAK2 on ELF3 mRNA by pre-treating the T/C28a2 cells with LY294002, SB203580, or tyrphostin AG490 for 1 hour before cytokine addition. Subsequent RT-qPCR analysis revealed significantly decreased ELF3 mRNA levels in cells pre-treated with the inhibitors (Fig. 3B, C and D) .
We next explored the contribution of the NF-κB signaling cascade to the IL-1-and leptindriven ELF3 induction. First, we observed that leptin increased the degradation of IkB-a elicited by IL-1b stimulation (Fig. 4A) . The phosphorylation of IkB-a, an inhibitory protein joined to NF-kB, results in its proteosomal degradation permitting activation of NF-kB and translocation to the nucleus. In fact, we observed that leptin increased the translocation of the NF-kB subunit p65 (Fig. 4B) . In addition, dexamethasone prevented, in part, the IL-1β-induced IκB-α degradation (Fig. 4A, lower panel) .
To further confirm the involvement of NF-kB in the induction of ELF3, we co-transfected the T/C-28a2 cells with a luciferase reporter construct containing a wild-type proximal human ELF3 promoter sequence (pELF3) and the expression vectors for p50 and/or p65. As shown in Fig. 4C , the NF-kB subunit p65 and the heterodimer p65/p50 were able to significantly transactivate the ELF3 promoter. Interestingly, the inhibition of the AKT, p38, or JAK2, significantly decreased the NFkB-driven ELF3 promoter activation (Fig. 4D) .
Finally, we transfected T/C28a2 chondrocytes with either the wild-type luciferase reporter construct or a mutant ELF3 promoter construct containing a defective proximal NF-κB binding site (pELF3-mut), as described previously [6] . As expected, IL-1b stimulation strongly induced the wild-type ELF3 promoter transactivation, whereas leptin alone had little or no effect on the promoter activity (Fig. 4E) . Consistent with the synergism between IL-1b and leptin in inducing ELF3 mRNA expression (Fig. 1A-B) , co-stimulation with IL-1b and leptin synergistically activated the wild type ELF3 promoter (Fig. 4E) . In agreement with previous findings [6] , the ELF3 promoter activity strongly depended on the proximal NF-κB binding site, as shown by the lack of transactivation of the pELF3-mut construct by IL-1b alone or in combination with leptin (Fig. 4F) . 1-1 µM) . ** and ***indicates p<0.01 and p<0.001 vs. unstimulated control, respectively; ### indicates p<0.001 vs. IL-1b. B. ELF3 mRNA expression after treatment with IL-1b (10 ng/mL) or leptin (800 nM) alone or with dexamethasone (0,1-1 µM). All treatments were performed during 24 hours. *, **, *** indicate p<0.05, p<0.01 and p<0.001 vs. unstimulated control, respectively; # indicates p<0.05; ### indicates p<0.001 vs. IL-1b+LEP. Fig. 4 . A. Analysis of the degradation of IκB-a by Western blotting. Cells were pre-treated with dexamethasone (1 μM) for 2 hours and then treated with IL-1b (10 ng/mL) and leptin (800 nM) for 30 minutes. B. Densitometric analysis of different Western blots using nuclear extracts from cells treated with IL-1b (10 ng/ mL) and leptin (800 nM) for 30 minutes after incubation with the antibody against NF-kB subunit p65 (normalized with the antibody anti-LaminB1). C. Co-transfections with Luciferase reporter constructs containing the WT human ELF3 promoter (pELF3) (400 ng) and the expression vectors containing the NF-kB subunits p50 (100 ng) or p65 (100 ng) D. Cells were co-transfected with pELF3 (400 ng) and the expression vector containing the NF-kB subunit p65 (100 ng) and then treated with the inhibitors LY204002 (10 µM), SB203580 (30 µM) and tyrphostin AG490 (10 µM). E. Cells were transfected with Luciferase reporter constructs pELF3 and then treated with IL-1b (10 ng/mL) and leptin (800 nM) for 24 hours. F. Cells were transfected with Luciferase reporter constructs containing the human ELF3 promoter with mutant NF-κB-binding sites (pELF3-mut) and treated with IL-1b (10 ng/mL), leptin (800 nM) alone or together for 24 hours. Luciferase activity was determined 24 hours after transfection. * indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001 vs control; # indicates p<0.05; ## indicates p<0.01; ### indicates p<0.001 vs. p65 or IL-1b.
Discussion
Obesity is associated with several pathologies, including musculoskeletal disorders such as OA, where the increased dysfunctional adiposity increases the incidence and progression 
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Cellular Physiology and Biochemistry of disease [15] . Leptin is the prototype of the adipokine superfamily and it has been proposed as a link between obesity and OA [24] . Leptin levels are higher in the synovial fluids from joints of OA patients than in paired serum samples [25] , and the expression of leptin and its functional receptor is strongly up-regulated in human OA cartilage and correlated to the grade of cartilage destruction [26] . In other scenarios, the participation of leptin in the modulation of inflammation and/or immunity has already been demonstrated. In fact, this adipokine has emerged as a factor able to modulate the polarization of CD4+ T cells into T H 1 and T H 2 cells [28, 29] . In addition, leptin also regulates T regulatory cells proliferation via mTOR, being TReg lymphocytes key cells in the control of the appropriate immune response [30, 31] . Interestingly, very recently, our group found that leptin can increase the production of pro-inflammatory cytokines such as IL-6, or chemokines such as IL-8 and CC-chemokine3 in CD4+ T cells from OA patients [32] , uncovering also an unexpected immunoregulatory role for leptin also in a non immune cartilage diseases such as osteoarthritis. These last results showed clear evidence for metabolic changes in immune cells in the inflammed osteoarthritic joint contributing to a better understanding of immunometabolic mechanism/s in OA.
The propagation of cytokine-driven stress/inflammatory responses is dependent on the activities of transcription factors that in turn activate multiple downstream genes. ELF3 is among the trans-acting factors that participate in controlling the actions of inflammatory cytokines in articular chondrocytes [12, 14] . In chondrocytes and other cell types, ELF3 controls the promoter activities and gene expression of NOS2, COX2, and MMP13 [9, 10, 14] . Further, ELF3 is a potent repressor of COL2A1 transcription in chondrocytes [12, 13] , which, together with its activation of MMP13, suggests a fundamental role for this transcription factor in cartilage degeneration and alteration of mechanisms of cartilage repair. We therefore investigated the effects of leptin, alone or in combination with IL-1β, on the gene expression and transcriptional activation of ELF3 in human chondrocytes.
One of the most relevant findings arising from this study is that leptin synergizes with IL-1b to induce ELF3 in human chondrocytes. Leptin synergism is dependent on the presence of its functional receptor, since siRNA ablation of LEPR completely blunts leptin activity. As far as we are aware, this is the first report that demonstrates the cooperative interaction between leptin and IL-1b in the induction of ELF3 in human chondrocytes. Synergistic interaction of leptin with IL-1 is not novel and it has been reported in chondrocytes and other cell types, where leptin synergizes with IL-1 to induce NOS2 [27] . However, the signaling and transcriptional events have not been defined completely. Noteworthy, synergistic induction of ELF3 by leptin and IL-1b is intriguingly similar to that observed for the induction of NOS2. Among the potential intracellular signal transduction events, the functional interplay of the JAK2, a leptin receptor-associated tyrosine kinase, PI3K-AKT, and p38 pathways are important for the induction of ELF3 and possibly for the onset as well as the maintenance of the inflammatory response exerted by this transcription factor in cartilage. In line with these results, it was recently described that leptin administration to human articular chondrocytes increased the expression of different ADAMTs, and such effect occurred through the activation of different MAPK such as p38 [20] .
Another relevant aspect arising from our study is the dependence of leptin/IL1b synergism on the integrity of NF-κB-dependent ELF3 transcription. NF-κB has been demonstrated to be involved in the catabolic effects exerted by leptin in OA and in other rheumatic diseases as rheumatoid arthritis [20, 33, 34] , so we focused our attention on this transcription factor. In agreement with previous studies [6, 9] , our results show that mutation of the proximal NF-κB site in the ELF3 promoter completely abolishes induction by IL-1b and the synergistic induction by leptin and IL-1b. Previous findings have shown that NF-κB acts as a key transcription factor in regulating the ELF3-dependent effects of IL-1 on NOS2, COX2, COL2A1, angiopoietin-1, and MMP13 in chondrocytes and other cell types [9, 10, 12, 14] . In agreement with other studies [35, 36] , we also found how the anti-inflammatory drug dexamethasone blocked, in part, the activation of NF-κB. Given the relevance of NF-κB in the induction of ELF3 by IL-1β and leptin, it is conceivable that the inhibition of ELF3 expression exerted by dexamethasone occurs via decreased activation of NF-κB.
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In conclusion, leptin clearly participates in the inflammatory/catabolic response at joint level and the results presented here revealed novel insights of the downstream signaling cascades elicited by leptin.
Our results further support the notion that leptin is a strong pro-inflammatory and pro-catabolic factor, whose downstream actions may be mediated also by ELF3. Our current findings may provide, therefore, new insight and better understanding of the mechanisms underlying the relationship between obesity and OA. They also represent a new starting point for identifying in depth the molecular mechanisms controlling the regulation of gene expression by leptin.
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